)) )] EUFES LR R
Progress in Biochemistry and Biophysics
' '12020,47(12):1294~1302

www.pibb.ac.cn

RIS E MR GRS FE A FE D

i;]x,lé” M ARV S rj‘:m I }jﬂgz) ? z 3 A
(D BRI TR S5 3 ) TR, BIST 210094; 2 rpE A RMEIZ4Z3238 17BN, dLET 100072;
3 E A R AE6396 15BN, JLET 100012)

T R IR AR, e 2 A R R SRR, IR AR EEEIN, IRABTRARA
WL T S PR E RO LR, AT bt SO SWE I S B, (HEA e M AR SO AR
JRASES , 32 1231 3l F A WS i Bt DPPC IR AL 04477, e ok 45 1B 37 sk s ol B g i, DL€ nhaad A PP IR 4K
SEEOL . AN ] it T bl i WS WRAR 2> SR UK o0 A, R BIREE R, ROBORBTC IR AL, R84k
S, K XK T ORI Z g Bl i R 3B, e il BB R O BORIS AL B R B b T

153 mPa-si, FEw R A B B ATk E .

KR B, ik, araidieE, B, i, FFSEL

FESES 0389

IR P R 0 WAL N: U TTIE N 770 =B I DN
GAVE RN Y, et B AR SR, B
555 I . SRR BB 8 X AR KE QI ()
YR By R ER B A R E X il
I, it 7K i K 78 SR 2 i i KE QN PR T 22 A
% . Bowen 5§ ' ARHRARLE B 5 2 se 2sdl 1TRs
Mgk, CREKER A IEE ) AN 22t ], mlin] F
) i A 43 EFEAE % . 1993 4, Yelverton 45 ' X A
RZOIKF-#AT TR 9. i TS A=, e
Z BBEKEDE BRI, NAMNEATA,  HRE R
AR, BUEMTHZAS IR, Axelsson 55 '
it ST NARRRER ) — A A7 5 )R, HE
T Yelverton 45 ) BEMESE 5 E ML AR, BT
0 5 B 5 e B ) A U T 7Y G &R . Stuhmiller
S5 7GR T Axelsson [ —4E ) 2 BRI ) 1
(1T = S F R = (- e L I T O I S T e
(INJURY) . Greer * &7 T AARKGH =44 FR oo
TR, PR A RE 5 A PR OG-l o e i e
A ENZE O E e S s, S
T op P E RN A2 A () . O [ A
VA B ehil i S s s g, R BT
PLid&E s N2 2B 58 T i AN R FR 24 4 . P

ia

i
P

i)
DOI: 10.16476/j.pibb.2020.0204

BFNJRZASAE g5 i T — AT ARASAS [ AR A v
P rds, HIRAMEEENE el e QR fe it 1
— PR ARIEAR, R T NARNEE — 4E A R
TR, WIS TR KRS AR SR A FH Y
b e, TR X, JF B T AR
HSTIpAE 2 i

R T SR HD PR KR LI, R T A
IR R AN ZOMAE R AL WS il 5 SO
HEUWEFR H1243d 72 . Kodama 55 U | FH o % 1F
11T BB, RIS Bz il A E 28
A AR AT, 1R IE5e . i vh
EREIOCY T ATE AR FFHE R, AR
EIES), SESib R 1 whai I8 T LRSS AR ) I i i
PR, B i o ik B — @R, A Aot
T-. 2006 4F, Koshiyama %5 " fztiz 43120 /)
WS T pi i SRR A EAE R, Rt
FRAEREE K 3 23 B AU T 2 K X, 2
75 B 7K DX 7K A3 5B i ok v g 3 R 3 22
Choubey &5 """ FI| Fi 42 Jii 4313l J1 2= B30l 1K
CHHIEFN.

Tel: 025-84315491, E-mail:taogang@njust.edu.cn
Wik H 9 : 2020-08-21, #5232 H: 2020-09-25




2020; 47 (12)

FNE, & BIERXEMEBAEFNS F I NZESHT

<1295-

HR YR A2 il RS LA I RS T A 40 K S
TN A W 4547 . Ganzenmiiller 55 ' | FHAE R
Tl 2 oE T i i S0, KB
/N 3 000 m/s BF, BB AT DAKAE, {H2Y
i 2K T3 900 m/s B, TS A W ZE 3 ) 45
Uitk , RS KB TR, H RO T
B, WA P R vhi S R ZE 2 . Santo & 22
ST T RDRARAETRY SR T S R I R A
JEZSLERE IR B FLIR A J5 AR ., 85T
T 2 YRS UAEAE B XA ) B ) 811477 . Adhikari
A 220 3 A L ZE R s i ol s bR, R BRE
ARG T 4o IR E] 18 mPa-s i, WA
WELFLIF, A SR, AR/ R st Ak
it B LR

AIGEHAEF 08 12k, s
1B 35 ZE Al wpily wp R 22 RSN [R] oo R el
B XF T s B S, R e g R IR O R
T

1 BAE

B RHRBRR B, BRI K S 58
BERUF 2 R, AR L5126 FH — R i el A
fEARAE (DPPC), Hifl & T MK ik, BILEH
1350 7254~ /K53 T #1512 4 DPPC 43 1, s v
2GR, R 1A h e TR 2 5 AR R —E 1 IR
B, ST ez I x . y Ik, BIK 1AL
W Z . oy F )15 AR T GROMACS-5.0.2 £
AR AL ) Bk [ Berger 55 ' 1Y) united-atom

BEIE 2 72805 GROMOS HIgHgs 4, #ridE s
K535 DPPC R R G 8 J13% 27, K43l
simple-point-charge (SPC) f&#Y 2520

Pilston Membrane

[

R

¢ x S Water
Lf S

Fig. 1 Schematic diagram of the calculation model

7K1 DPPC I Z 48 15 SR et T kAl fg i
/ME, FEBETEE ST 1x10°Pa, IR 323K (145 -
L (NPT) R4 P2 ns, HELEKH2 S,
I B #8 & R H Nose-Hoover J7 1%, B[] 5 %4 -y

0.5 ps, 7154 K H Parrinello-Rahman J57%, Hf
(B HECR S ps, x. y FlzJ7 a5 R F R A PE 0 A 2%
P, S AR o T A A U lines 29 995
VR x, v 5z 7 B EE 43 il 2 13.034 89 nm,
13.085 87 nm, 252.943 60 nm, DPPC fi {if T z=
62 nm#it.

774 b Ad FH Choubey (9778, R 8l 45
R TR T S KGR BN RAREAE A,
BY5KZENRA 2 nm B2, SR 4 A kL
TG =0 b1 — =z I W, ST
R TR, AR S R X — i B SERR AR
MTH A TCPRR TG ZE LU T u 17 +2 77 [0 8 3 T
RS 5 Z i pki 7, = — A2 O
iz s . BT E SR N 1 s, ERS
LI #2220 1.4 nm, ABEE 240 1.9 nm,
LRIk AR S DB —IR . RHINVE R28, x. y R
HEIAYE s B4, 2z m oCdst . JE RN R g H
KW R A BE A BEAE A, DURIERE I ~F A
2L BRI K AR A AT 4 HH Bk 2R A b 2
JERG, [ 713 (ReaxFF) 1] L Af 4 i Ak 27 e
ORI I A WS & Ayl [VARAINR U L= rdi N P VAR RB:3 5-3
(u,) 53909 3.0 km/s, 3.5 km/s 14.0 km/s, {5
1R FE kR o v A, 1SR BT (7)) 2
FIHC3 ps A5 ps, 2wk ik B3k & A7 v 45 1k i
B OB AN A R BN A L SR (¢)
A, BARTEG R T REE R, 5
10 A8 PRACR LA, U0 u3e5 a3 B u, N
3 km/s, (G FEBBTE] 7R S ps AL

g LA (1) SR

=[Py (1)
Kb P (1) Bobili Ty, ¢ 2wl i R ] X JE]

TR TR st Lik)R 58 rS
S ( deuterium order parameter), WA (2),
I T -SSR A5 75U g I %) B ] o

3cos’d — 1
_SCI) - _<2> (2)

Ko Rm—4a (C—H) 5Bk m (zH#) Z[A
BRI A, —Scp I Sep A, B RGE T A7
R o3 R, —Soo¥En, ek 172, J5 a8 X i
FWsiesy T (DPPC) #Hf7FHy.

iz I MEMPLUGIN #44 BV 3R R R, 5
1) J2 JE B DPPC 5 S 350 14 19 A4 288 38 W 2 (1] (14 B 5



<1296

EMUESEYYIEHRE  Prog. Biochem. Biophys. 2020; 47 (12)

Table 1 Details of water and DPPC membrane shock simulations

Particlevelocity(u,)/ Piston movement time  Simulation time after the Impulse(i)/
Number Name )
(km-s™") (z)/ps piston stops(z,)/ps (mPa-s)
1 u3t3 3.0 3 66 91
2 u3t5 3.0 5 48 153
3 u3.513 35 3 54 127
4 u3.5t5 3.5 5 40 216
5 u4t3 4.0 3 48 171
6 u4tS 4.0 5 34 276
CRSCRBRIRT) MBS 9 SR ) Wiy, Horh Santo % =
KR u A (3) A fidf FH HLRL ALK B8, Choubey 55 7' i FH i)

u, =u, toug 3)
2w ki (shock velocity) , u, A7 13
J& (particle velocity) , u, J% B whis J7 mAi%
LA .
75 — R SRK Ry b O w9 T, A
Rankine - Hugoniot 5 (AL (4) ):
u, = Po u, (4)
Po =P
2 p Fll p 23S Wi A5 A B, A SO AR AL
po=970 kg/m’.
AR VMD B 2 R R R Ak
AR GROMACS 4.5.5-LS package %"

2 #ER5iTE

9 T AERA BT 3% K SPC K R LA vty S0
THYRATE, BT T Ak B eh A, Sy
175370 1944~ SPC KA FHIK TG T, x. vy 5
7 A EE A2 15 nm, 15 nm, 50 nm, fEiE
e/ IMEFPA J5 AT o AL, R B i, 75 ]
$0.4~3.0 km/s, AN (3) . (4) & v
u, TR EERSERILE2, KAAX (3),
(4) WSS REAR B, whah HUE u U
AP SAAE . P 2 S Y -, RN, R ERIRAT]

Table 2 Calculation of water shock velocity

u,/ uy/ p/ ufkm-s™)  w/(km-s™)  wu/(km-s)-
(km's™") (km's™") (kg'm™) by Eq.(3) by Eq. (4) average
0.4 1.852 1185 2.252 2.205 2.229
1.0 2.358 1385 3.358 3.337 3.348
1.5 2.767 1500 4.267 4.245 4.256
2.0 3.196 1585 5.196 5.154 5.175
2.5 3.592 1656 6.092 6.035 6.064
3.0 3.941 1715 6.941 6.906 6.924

S SPC /KA .

u /(km-s™)

1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
u, /(km-s™)

Fig. 2 The relationship between shock velocity ( x,) and
particle velocity (u,)

The blue, black, red and orange solid lines represent our simulations

and experiments (by Rybakov3¢l), AA-SPC (by Choubey et al.l'”-1%])

and CG-MARTINI (by Santo ef al.?"), respectively.
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Fig. 3 Pressure profiles of u3t5 (u,=3 km/s, 7=5 ps)
along the z—axis at different times
Peak pressure at each moment in the figure is 28.5 GPa, 13.2 GPa,
8.1 GPa, 6.0 GPa and 4.3 GPa.
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Fig. 5 Distribution of membrane phospholipid molecules and their surrounding water molecules at different times of u3¢5
(u,=3 km/s, 7.=5ps)
(a) 2 ps; (b) 6 ps; () 10 ps; (d) 20 ps; () 30 ps; () 46 ps.
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Fig. 6 Distribution of membrane phospholipid molecules and surrounding water molecules under different impulses after
shock wave passes through
(a) u313_91 mPa-s (at 66 ps); (b) u3.5¢3 127 mPa-s (at 54 ps); (c) u3t5_153 mPa-s (at 46 ps); (d) u4£3 171 mPa-s (at 48 ps); (e) u3.5¢5 216 mPa-s (at
40 ps); (f) u4t5 276 mPa-s (at 34 ps).
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Fig.7 Variation of order parameter
() u4t5 (u,=4 km/s and =5 ps); (b) Different impulses.
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Fig. 8 Variation of membrane thickness under different
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Molecular Dynamics Analysis of Microscopic Injury
in Biological Membrane by Blast Wave

WANG Xiao-Feng", TAO Gang"", XU Ning”, WANG Peng?, LI Zhao”, ZHOU Jie"
(VSchool of Energy and Power Engineering, Nanjing University of Science and Technology, Nanjing 210094, China;
232381 Unit, PLA, Beijing 100012, China; ¥63961 Unit, PLA, Beijing 100012, China)

Abstract Blast wave can cause injury to human lungs, eardrums, gastrointestinal tract, brain and other organs.
The lungs, eardrums, and air-containing gastrointestinal tract are more likely to cause damage. The study of
explosive injury mechanism is of great significance to the treatment and protection of explosive injury and the
design of explosive devices. Pulmonary hemorrhage, pulmonary edema, and air embolism are the main causes of
explosive trauma death. Regarding the problem of explosive lung injury, the existing research in the macro aspect
mainly involves several aspects such as explosion wave and animal experiments, mechanical models and
numerical finite element simulation. In order to better understand the mechanism of blast injury, the mechanical
process of the impact of the shock wave and microstructure should be studied. In this paper, the damage of DPPC
(dipalmitoyl phosphatidyl choline) membrane caused by shock wave was studied by using all-atomic molecular
dynamics. The impulse of shock wave was controlled by stopping the piston, and the critical impulse of
membrane damage caused by shock wave was discussed. We observed the distribution of phospholipid molecules
and surrounding water molecules after the shock wave passed through the membrane under different impulses. It
was found that as the impulse increased, the membrane became more and more disordered, the folds were more
severe, and more and more water molecules in the hydrophobic area. The membrane impact process was divided
into three stages, namely the impact stage, recovery stage and after-effect stage. When the impulse is greater than

153 mPa-s, the damage of the membrane is not recovered during the impact.

Key words explosion mechanics, shock wave, molecular dynamics, membrane damage, impulse, order
parameter, membrane thickness
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